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International application No. PCT/ZA00/001 56 



I. Basis of the report 

1 . With regard to the elements of the international application (Replacement sheets which have been furnished to 
the receiving Office in response to an invitation under Article 14 are referred to in this report as "originally filed" 
and are not annexed to this report since they do not contain amendments (Rules 70. 16 and 70. 1 7)): 
Description, pages: 

1-18 as originally filed 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 



Claims, No.: 



1-20 



with telefax of 



08/10/2001 



Drawings, sheets: 



1/4-4/4 



as originally filed 
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□ the drawings, 



sheets: 



5. □ This report has been established as if (some of) the amendments had not been made, since they have been 

considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 

6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 



1. Statement 



Novelty (N) 



Yes: 
No: 



Claims 
Claims 



1-20 



Inventive step (IS) 



Yes: 
No: 



Claims 
Claims 



1-18 
19,20 



Industrial applicability (IA) 



Yes: 
No: 



Claims 
Claims 



1-20 



2. Citations and explanations 
see separate sheet 
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Re Item V 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or 
industrial applicability; citations and explanations supporting such statement 

1. Reference is made to the following documents: 

D1: US-A-5007620 

D2: AU-B-665907 (Derwent Abstract) 
1.1. The document D2 was not cited in the international search report. A copy of the 
document is appended hereto. 

2. The document D1 is regarded as being the closest prior art to the subject-matter of 
process claims 1-18, and discloses (figures, especially figure 33; column 7, line 26 to 
column 8, line 10) a bioleaching process for sulphide mineral slurries involving the 
control of oxygen "transfer and uptake" in a bioreactor slurry by an optmised sparging 
of the slurry with (very) fine air or oxygen bubbles. 

Although D1 mentions dissolved oxygen concentrations (figure 33) falling within the 
control range of claim 1 , the teaching of D1 does not address the special problem of 
"controlling the dissolved oxygen concentration within a particular range" nor suggests 
to perform this by controlling a feed gas parameter as presently claimed. 
It follows that the subject-matter of claims 1-18 is novel and inventive in the sense of 
Articles 33(2) and 33(3) PCT. 

The document D2 is regarded as being the closest prior art to the subject-matter of 
claims 19, 20 to a bioleaching plant, and discloses a reactor (e.g. for oxidizing mineral 
slurries) with oxygenator provided with sensing devices for measuring the "dissolved" 
oxygen of the slurry. Although D2 does not explicitly show a control mechanism for 
controlling the oxygen supply to the slurry in response to said measured oxygen con- 
centration, it is obvious from the technical advantage stated therein ("avoiding supply of 
excessive oxygen which is expensive") that the skilled person will normally install such 
a control mechanism. 

Consequently claims 19, 20 are apparently novel (Article 33(2) PCT) but fail to define 
inventive matter in the sense of Article 33(3) PCT. 
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international preliminary examination report and its annexes, if any, established on the international application. 



2. A copy of the report and its annexes, if any, is being transmitted to the International Bureau for communication 
to all the elected Offices. 



3. Where required by any of the elected Offices, the International Bureau will prepare an English translation of the 
report (but not of any annexes) and will transmit such translation to those Offices. 



4. REMINDER 

The applicant must enter the national phase before each elected Office by performing certain acts (filing 
translations and paying national fees) within 30 months from the priority date (or later in some Offices) (Article 
39(1)) (see also the reminder sent by the International Bureau with Form PCT/IB/301). 

Where a translation of the international application must be furnished to an elected Office, that translation must 
contain a translation of any annexes to the international preliminary examination report. It is the applicant's 
responsibility to prepare and furnish such translation directly to each elected Office concerned. 

For further details on the applicable time limits and requirements of the elected Offices, see Volume II of the 
PCT Applicant's Guide. 
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1. This international preliminary examination report has been prepared by this International Preliminary Examining Authority 
and is transmitted to the applicant according to Article 36. 



2. This REPORT consists of a total of 4 sheets, including this cover sheet. 

S This report is also accompanied by ANNEXES, i.e. sheets of the description, claims and/or drawings which have 
been amended and are the basis for this report and/or sheets containing rectifications made before this Authority 
(see Rule 70.16 and Section 607 of the Administrative Instructions under the PCT). 

These annexes consist of a total of 3 sheets. 
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Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
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INTERNATIONAL PRELIMINARY 
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I. Basis of the report 

1 . With regard to the elements of the international application (Replacement sheets which have been furnished to 
the receiving Office in response to an invitation under Article 14 are referred to in this report as "originally filed" 
and are not annexed to this report since they do not contain amendments (Rules 70. 16 and 70. 1 7)): 
Description, pages: 

1-18 as originally filed 

Claims, No.: 

1 -20 with telefax of 08/1 0/2001 

Drawings, sheets: 

1/4-4/4 as originally filed 



2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1 (b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried out on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure in 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, x Nos.: 
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□ the drawings, sheets: 

5. □ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 
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Novelty (N) 


Yes: 


Claims 
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No: 


Claims 




Inventive step (IS) 


Yes: 
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Claims 
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Re Item V 

Reasoned statement under Article 35(2) with regard to novelty, inventive step or 
industrial applicability; citations and explanations supporting such statement 

1 . Reference is made to the following documents: 

D1: US-A-5007620 

D2: AU-B-665907 (Derwent Abstract) 
1.1. The document D2 was not cited in the international search report. A copy of the 
document is appended hereto. 

2. The document D1 is regarded as being the closest prior art to the subject-matter of 
process claims 1-18, and discloses (figures, especially figure 33; column 7, line 26 to 
column 8, line 10) a bioleaching process for sulphide mineral slurries involving the 
control of oxygen "transfer and uptake" in a bioreactor slurry by an optmised sparging 
of the slurry with (very) fine air or oxygen bubbles. 

Although D1 mentions dissolved oxygen concentrations (figure 33) falling within the 
control range of claim 1 , the teaching of D1 does not address the special problem of 
"controlling the dissolved oxygen concentration within a particular range" nor suggests 
to perform this by controlling a feed gas parameter as presently claimed. 
It follows that the subject-matter of claims 1-18 is novel and inventive in the sense of 
Articles 33(2) and 33(3) PCT. 

V 

The document D2 is regarded as being the closest prior art to the subject-matter of 
claims 19, 20 to a bioleaching plant, and discloses a reactor (e.g. for oxidizing mineral 
slurries) with oxygenator provided with sensing devices for measuring the "dissolved" 
oxygen of the slurry. Although D2 does not explicitly show a control mechanism for 
controlling the oxygen supply to the slurry in response to said measured oxygen con- 
centration, it is obvious from the technical advantage stated therein ("avoiding supply of 
excessive oxygen which is expensive") that the skilled person will normally install such 
a control mechanism. 

Consequently claims 19, 20 are apparently novel (Article 33(2) PCT) but fail to define 
inventive matter in the sense of Article 33(3) PCT. 
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CLAIMS 

1, A method of bioleaching a slurry containing sulphide minerals which includes the steps of subjecting 
the slurry In a reactor to a bioleaching process at a temperature in excess of 40°C, supplying a feed 
5 gas containing in excess of 21 % oxygen by volume to the slurry, and controlling the dissolved oxygen 

concentration in the slurry at a level in the range of from 0.2 x 10^ kg/m* to 10 x 10" 3 kg/m 3 by 
conlrolling at least one of the following: the oxygen content of the feed gas; the supply of feed gas to 
the slurry; the rate of feed of slurry to the reactor. 

10 2. A method according to claim l wherein the feed gas contains in excess of 85% oxygen by volume. 



3. A method according to claim 1 or 2 wherein the dissolved oxygen concentration in the slurry is 
determined by one or more of the following: by direct measurement of the dissolved oxygen 
concentration in the slurry, by measurement of the oxygen in a gas above the slurry, and indirectly, 

15 by measurement of the oxygen content in off-gas from the slurry. 

4. A method according to any one of claims 1 to 3 which includes the step of controlling the carbon 
content of the slurry. 

20 5. A method according to claim 4 wherein the said carbon content is controlled by one or more of the 
following: the addition of carbon dioxide gas to the slurry, and the addition of other carbonaceous 
material to the slurry. 



6. A method according to any one of claims 1 to 5 which includes the step of controlling the carbon 
25 dioxide content of the feed gas in the range of from 0.5% to 5.0% by volume. 

7. A method according to any one of claims 1 to 6 wherein the bioleaching process is carried out a 
temperature in the range of from 40°c to 100 C C. 
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9. 

5 

10. 



11. 

10 



15 12. 

13. 

20 

14. 

25 



A method according to claim 7 wherein the said temperature Is in the range of from 60°C to 85°C. 

A method according to any one of claims 1 to 6 which includes the step of bioleaching the slurry at a 
temperature of up to 45°C using mesophiie microorganisms. 

A method according to claim 9 wherein the microorganisms are selected from the following genus 
groups: Acidithiobacillus; Thiobacillus; Leptosphllum; Ferromicrobium; and Acidiphilium. 

A method according to claim 9 or 10 wherein the said microorganisms are selected from the following 
species: Acidithiobacillus catdus (Thiobacillus caldus); Acidithiobacillus thiooxidans (Thlobacillus 
thiooxidans); Acidithiobacillus ferrooxidans (Thiobacillus ferrooxidans); Acidithiobacillus acidophilus 
(Thiobacillus acidophilus); Thiobacillus prosperus; Leptospirillum ferrooxidans; Ferromicrobium 
acidophilus; and Acidiphilium cryptum. 

A method according to any one of claims 1 to 7 which includes the step of bioleaching the slurry at a 
temperature of from 45°C to 60°C using moderate thermophile microorganisms. 

A method according to claim 12 wherein the microorganisms are selected from the following genus 
' groups: Acidithiobacillus (formerly Thiobacillus); Acidimicrobium; Sulfobaclltus; Ferrvplasma 
(Ferriplasma); . and Alicyclobacillus. 

A method according to claim 12 or 13 wherein the said microorganisms are selected from the 
following species: Acidithiobacillus caldus (formerly Thiobacillus caldus); Acidimicrobium 
fermoxidans; Sulfobacillus acidophilus; Suifobacillus disulfidooxidans; Sulfobacillus 
thermosuirtdooxidans; Ferroplasma acidarmanus; Thermoplasma acidophilum; and Alicyclobacillus 
acidocaldrius. 

A method according to claim 8 which includes the step of bioleaching the slurry at a temperature of 
from60°C to 85°C using thermophilic microorganisms. 
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16. A method according to claim 15 wherein the microorganisms are selected from the following genus 
groups: Acidothermus; Sutfolobus; Metallosphaera; Acidianus; Ferroplasma (Ferriplasma); 
Thermoplasma; and Picrophilus. 

5 17. A method according to claim 15 or 16 wherein the said microorganisms are selected from the 
following species: Sulfolobus metalficus; Sutfolobus acidocaldarius; Sulfolobus 
thermosufftdooxidans; Acidianus infemus; Metatlosphaera sedula; Ferroplasma acidarmanus; 
Thermoplasma acidophilum; Thermoplasma volcanium; and PicrophiJus oshimae. 

10 18. A method according to any one of claims 1 to 17 wherein the reactor is substantially closed. 

19. A bioleaching plant which includes a reactor vessel, a source which feeds a sulphide mineral sluny to 
the vessel wherein a bioleaching process is carried out at a temperature in excess of 40°C. an 
oxygen source which supplies oxygen in the form of oxygen enriched air or substantially pure oxygen 
15 to the slurry, a device which measures the dissolved oxygen concentration in the slurry in the vessel, 

and a control mechanism whereby, in response to the said measured dissolved oxygen 
concentration, the supply of oxygen from the oxygen source to the slurry is controlled to achieve a 
dissolved oxygen concentration in the slurry of from 0.2 x 10^ kg/m 3 to 10 x 10" J kg/m 3 . 

20 20. A plant according to claim 19 wherein the reactor vessel is operated at a temperature in excess of 
60°C. 



1/1 - (C) WPI / DERWEN^^ 

AN - 1995-023284 [zl^ 
AP - AU19940063007 19940510; AU19940063007 19940510; [Previous Publ . 

AU9463007 ] 
PR - AU19930009072 19930528 

TI - Appts. for continuously measuring oxygen® consumption in oxygenated 

material - including plug flow reactor, pump means for test liq. 

stream, oxygenator, liq. flow rate measuring means, at least two 

dissolved oxygen® sensors, etc. 
IW - APPARATUS CONTINUOUS MEASURE OXYGEN® CONSUME OXYGENATE MATERIAL PLUG 

FLOW REACTOR PUMP TEST LIQUID STREAM OXYGENATE LIQUID FLOW RATE 

MEASURE TWO DISSOLVE OXYGEN® SENSE 
PA - (COMM-N) COMMONWEALTH IND GASES LTD 
PN - AU6300794 A 19941201 DW199504 G01N33/18 021pp 

- AU665907 B 19960118 DW199620 G01N33/18 OOOpp 
IC - C02F1/74 ; C02F3/26 ; G01N33/18 

AB - AU9463007 Device for measuring 02 consumption rate in an oxygenated 
liq. or slurry (8) comprises: (a) a plug flow reactor (2) consisting 
of a length of pipe (3) between an inlet (4) and an outlet (5) ; (b) a 
means to pump a liq. test stream through (a) ; (c) an oxygenator (11) 
to admit 02 to the test stream; (d) dissolved 02 sensors provided at 
spaced points in the reactor to measure the dissolved oxygen at those 
points; (e) a flow meter (20) measuring the rate of liq. flow past th« 
sensors; (f) flow reversal means to selectively reverse flow of liq. ; 
and (g) control .and monitoring means. 

- Also claimed is the process for measuring 02 consumption using the 
above appts . . 

- USE - Used for measuring the 02 consumption rate in chemical and 
biological processes e.g. oxidn. of mineral slurries, partic. 
solidification of dissolved and suspended pollutants in sewage and 
waste water treatment, etc.. 

- ADVANTAGE - Allows 02 consumption to be continuously measured to 
ensure complete treatment while avoiding supply of excessive 02 which 
is expensive. 
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CLAIMS 



A method of bioleaching a slurry containing sulphide minerals which includes the step of supplying a 
feed gas containing in excess of 21% oxygen by volume, to the slurry. 

A method according to claim 1 wherein the feed gas contains in excess of 85% oxygen by volume. 

A method according to claim 1 or 2 which includes the step of maintaining the dissolved oxygen 
concentration in the slurry within a desired range. 

A method according to claim 3 wherein the said dissolved oxygen concentration is maintained in the 
range of from 0.2 x 1CP kg/m 3 to 10 x 10~ 3 kg/m 3 . 

A method according to claim 3 or 4 wherein the dissolved oxygen concentration is maintained within 
a desired range by at least one of the following: controlling the oxygen content of the feed gas, 
controlling the supply of feed gas to the slurry, and controlling the rate of feed of slurry to a reactor. 

A method according to claim 3, 4 or 5 wherein the dissolved oxygen concentration in the slurry is 
determined by one or more of the following: by direct measurement of the dissolved oxygen 
concentration in the slurry, by measurement of the oxygen in a gas above the slurry, and indirectly, 
by measurement of the oxygen content in off-gas from the slurry. 

A method according to any one of claims 1 to 6 which includes the step of controlling the carbon 
content of the slurry. 



8. 



A method according to claim 7 wherein the said carbon content is controlled by one or more of the 
following: the addition of carbon dioxide gas to the slurry, and the addition of other carbonaceous 

material :o the slurry. 
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A method according to any one of claims 1 to 8 which includes the step of controlling the carbon 
dioxide content of the feed gas in the range of from 0.5% to 5.0% by volume. 

A method according to any one of claims 1 to 9 which includes the step of bioleaching the slurry at a 
temperature in excess of 40 °C. 

A method according to claim 10 wherein the said temperature is in the range of from 40°C to 100°C. 

A method according to claim 1 1 wherein the said temperature is in the range of from 60°C to 85°C. 

A method according to any one of claims 1 to 9 which includes the step of bioleaching the slurry at a 
temperature of up to 45°C using mesophile microorganisms. 

A method according to claim 13 wherein the microorganisms are selected from the following genus 
groups: Acidithiobacillus; Thiobacillus; Leptosphllum; Ferromicrobium; and Acidiphilium. 

A method according to claim 13 or 14 wherein the said microorganisms are selected from the 
following species: Acidithiobacillus caldus (Thiobacillus caldus); Acidithiobacillus thiooxidans 
(Thiobacillus thiooxidans): Acidithiobacillus ferrooxidans (Thiobacillus ferrooxidans); 
Acidithiobacillus acidophilus (Thiobacillus acidophilus); Thiobacillus prosperus; Leptospirillum 
ferrooxidans; Ferromicrobium acidophilus; and Acidiphilium cryptum. 

A method according to any one of claims 1 to 9 which includes the step of bioleaching the slurry at a 
temperature of from 45°C to 60°C using moderate thermophile microorganisms. 

A method according to claim 16 wherein the microorganisms are selected from the following genus 
groups: Acidithiobacillus (formerly Thiobacillus); Acidimicrobium; Su/fobacillus; Ferroplasma 
(Ferriplasma); and Alicyclobacillus. 
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A method according to claim 16 or 17 wherein the said microorganisms are selected from the 
following species: Acidithiobacillus caldus (formerly Thiobaciltus caldus); Acidimicrobium 
ferrooxidans; Sulfobacillus acidophilus; Sulfobacillus disulfidooxidans; Sulfobacillus 
thermosuifidooxidans; Ferropiasma acidarmanus; Thermopiasma acidophilum; and Alicyctobaciilus 
acidocaidrius. 

A method according to any one of claims 1 to 9 which includes the step of bioleaching the slurry at a 
temperature of from 60°C to 85°C using thermophilic microorganisms. 

A method according to claim 19 wherein the microorganisms are selected from the following genus 
groups: Acidothermus; SulfoJobus; Metallosphaera; Acidianus; Ferropiasma (Ferripiasma); 
Thermopiasma; and Picrophilus. 

A method according to claim 19 or 20 wherein the said microorganisms are selected from the 
following species: Sulfolobus metallicus; Sulfolobus acidocaldarius; Sulfolobus 
thermosuifidooxidans; Acidianus infernus; Metallosphaera sedufa; Ferropiasma acidarmanus; 
Thermopiasma acidophilum; Thermopiasma volcanium; and Picrophilus oshimae. 

A method according to any one of claims 1 to 21 wherein the slurry is leached in a vessel which is 
substantially closed. 

A method of bioleaching a slurry containing sulphide minerals which includes the steps of: 

(a) bioleaching the slurry using suitable microorganisms at a temperature in excess of 40°C, and 

(b) controlling the dissolved oxygen concentration in the slurry within a predetermined range. 

A method according to claim 23 wherein the said dissolved oxygen concentration is controlled by 
controlling the supply of oxygen to the slurry. 
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A method according to claim 24 wherein the oxygen is supplied to the slurry in the form of oxygen 
enriched gas or substantially pure oxygen. 

A method according to any one of claims 23 to 25 wherein the said temperature is in the range of 
from 60°C to 85°C. 

A method of enhancing the oxygen mass transfer coefficient from a gas phase to a liquid phase in a 
sulphide mineral slurry which includes the step of supplying a feed gas containing in excess of 21% 
oxygen by volume, to the slurry. 

A method according to claim 27 wherein the feed gas contains in excess of 85% oxygen by volume. 
A method according to claim 27 or 28 which includes the step of raising the temperature of the slurry. 

A method of bioleaching an aqueous slurry containing sulphide minerals which includes the steps of: 

(a) bioleaching the slurry at a temperature above 40°C, and 

(b) maintaining the dissolved oxygen concentration in the slurry in the range of from 0.2 x 10" 3 
kg/m 3 to 10 x 10" 3 kg/m 3 

A method according to claim 30 wherein the dissolved oxygen concentration in the slurry is 
maintained by supplying gas containing in excess of 21% oxygen by volume to the slurry. 

A method according to claim 30 or 31 wherein the temperature is in the range of from 60°C to 85°C. 

A bioleaching plant which includes a reactor vessel, a source which feeds a sulphide mineral slurry to 
the vessel, an oxygen source, a device which measures the dissolved oxygen concentration in the 
slurry in the vessel, and a control mechanism whereby, in response to the said measured dissolved 
oxygen concentration, the supply of oxygen from the oxygen source to the slurry is controlled to 
achieve a dissolved oxygen concentration in the slurry within a predetermined range. 
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A plant according to claim 33 wherein the oxygen source supplies oxygen in a form of oxygen 
enriched air or substantially pure oxygen to the slurry. 

A plant according to claim 33 or 34 wherein the reactor vessel is operated at a temperature in excess 
of 60°C. 
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EIOLEAGHING Or SULPHIDE MINERALS 
BACKGROUND OF THE INVENTION 

This invention relates to the bioieac.-ung of suiphioe minerals. 

Commercial bioiesch plants which are currently in operation treating sulphide minerals, typically operate 
within the temperature range of 40°C to 50°C and rely on sparging air to the bioleach reactors to provide the 
required oxygen. 

Oosranon at this relatively low temperature and the use of air to supply oxygen, limit the rate of sulphiae 
mineral oxicanon that can be achieved. For example carrolite ana enargite are relatively slow leaching ai 
temperatures beiow 50°C. and treatment at or below this temperature results in poor and sub-economic metal 
extraction. 

The use of hign temperatures berween 50°C and 10C°C greatly increases the rate of sulphide mineral 
leaching. 

The solubiiity c: oxygen is however limited at high temperatures and the rate of sulphide mineral leacning 
Decomes ;im;tec. In the case of using air for tne supply of oxygen, the effect of limited oxygen solubility is 
such that the rate of sulphide mineral leaching oecomes aependent on and is limited by the rate of oxygen 
transfer from the gas to the liquid pnase f12) . 

SUMMARY OF ~HE INVENTION 

According :c one aspect of the invention there is provided a method of bioleaching a slurry containing 
sulphide minerals which inciuaes the step of supplying a feed gas containing in excess of 21% oxygen by 
volume, to the slurry. 



The siurr/ rr.av oe an acueous siurrv ccntsinnc sicnifican: ouantmes of sulDhide minerals. 
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As used herein the expression "oxygen enriched gas" is intended to include a gas. eg. air, which contains in 
excess of 21% oxygen by voiume. This is an oxygen content greater than the oxygen content of air. The 
expression "pure oxygen" is intended to include a gas which contains in excess of 85% oxygen by volume. 

Preferably the feed gas which is supplied to the slurry contains in excess of 85% oxygen by volume ie. is 
substantially pure oxygen. 

The method may include the step of maintaining the dissolved oxygen concentration in the slurry within a 
desired range which may be determined by the operating conditions and the type of microorganisms used for 
leaching. The applicant has established that a lower limit for the dissolved oxygen concentration to sustain 
microorganism growth and mineral oxidation, is in the range of from 0.2 x 10" 3 kg/m 3 to 4.0 x 10" 3 kg/m 3 . On 
the other hand if the dissolved oxygen concentration is too high then microorganism growth is inhibited. The 
upper threshold concentration also depends on the genus and strain of microorganism used in the leaching 
process and typically is in the range of from 4 x 10~ 3 kg/m 3 to 10 x 10" 3 kg/m 3 . 

Thus, preferably, the dissolved oxygen concentration in the slurry is maintained in the range of from 0.2 x 10* 3 
kg/m 3 to 10 x 10" 3 kg/m 3 

The method may include the steps cf determining the dissolved oxygen concentration in the slurry ana, in 
response thereto, of controlling at least one of the following: the oxygen content of the feed gas. the rate of 
supply of the feed gas to the slurry, and the rate of feed of slurry to a reactor. 

The dissolved oxygen concentration in the slurry may be determined in any appropriate way, e.g. by one or 
more of the following: by direct measurement of the dissolved oxygen concentration in the slurry, by 
measurement of the oxygen content in gas above the slurry, and indirectly by measurement of the oxygen 
content in off-gas from the slurry, taking into account the rate of oxygen suppiy, whether in gas enriched or 
pure form, to the slurry, and other relevant factors. 
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The methoa may include the step of controlling the carbon content of the slurry. This may De acnievec by 
one or more of the following: the addition of carbon dioxide gas to the slurry, and the acdiiion of other 
carDonaceous material to the siurry. 

The method may extend to the step of controlling the carbon dioxide content of the feea gas to the slurry in 
the range of from 0.5% to 5% by volume. A suitable figure is of the oraer of 1% to 1.5% by voiume. The 
level of the carbon dioxide is chosen to maintain high rates of microorganism growth and sulphide mineral 
oxidation. 

The biolescning process is preferably earned out at an elevated temperature. As stated neremoefore the 
bioleaching rate increases with an increase in operating temperature. Cleariy the microorganisms whicn are 
used for bioleaching are determined by the operating temperature and vice versa. As the addition of oxyaen 
enriched gas or substantially pure oxygen to the slurry has a cost factor it is desiraole to operate at a 
temperature which increases the leaching rate by an amount which more than compensates for the increase 
in operating cost. Thus, preferably, the bioleaching is carried out a: a temperature in excess of 40°C. 

The bioleaching may be carried out at a temperature of up to 100°C or more and preferably is carried out at a 
temperature which lies in a range of from 60°C to 85°C. 

In one form of the invention the method inciudes the step of bioleaching the siurry at a temperature of up to 
45°C using mesophiie microorganisms. These microorganisms may. for example, be seiectea from the 
following genus groups: 

Acidithiobacillus (formerly Thiobaciflus); Leptospriiium; Ferromicrobium: and Acidiphiiium. 

In order to operate at this temperature the said microorganisms may : for example, be selected from the 
following scecies: 

Acidithiobaciilus caidus (Thiobacillus caidus); Acidithiobacillus thiooxidans (Thiobaciilus (hiooxidansj; 
Acidithiobaciilus ferrooxidans (Thiobacillus ferrooxidans); Acidithiobaciilus acidophilus (Thiobaciilus 
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acidophilus); Thiobacillus prosperus: Lepiospirillum ferrooxidans; Ferromicrobium acidophilus: and 
AcidiphiJium crypt um. 

If the bioieaching step is carried out at a temperature of from 45°C to 60°C then moderate thermophile 
microorganisms may be used. These may, for example, be selected from the following genus groups: 
Acidithiobaciilus ("formerly Thiobacillus): Acidimicrobium; Suifobacillus; Ferroplasma (Ferriplasma): and 
Alicyclcbacillus. 

Suitable moderate thermophile microorganisms may, for example, be selected from the following species: 
Acidithiobaciilus caldus (formerly Thiobaciiius caldus); Acidimicrobium ferrooxidans: Sulfcbacillus 
acidophilus- Suifobacillus disulfidooxidans: Suifobacillus thermosulfidooxidans; Ferroplasma acidarmanus: 
Thermoplasma acidophilum; and Alicyclobacillus acidocaldnus. 

It is preferred to operate the leaching process at a temperature in the range of from 60°C to 85°C using 
thermophilic microorganisms. These may, for example, be selected from the following genus groups: 
Acidothermus; Sulfolobus; Metallosphaera: Acidianus; Ferroplasma (Ferriplasma); Thermoplasma; and 
Picrophilus. 

Suitable thermophilic microorganisms may, for example, be selected from the following species: 
Sulfolobus metatlicus; Sulfolobus acidocaldarius: Sulfolobus thermosulfidooxidans; Acidianus infernus; 
Metallosphaera seduta; Ferroplasma acidarmanus: Thermoplasma acidophilum; Thermoplasma volcanium; 
and Picrophilus oshimae. 

The slurry may be leached in a reactor tank or vessel which is open to atmosphere or substantially closed. In 
the iatter case vents for off-gas may be provided from the reactor. 

According to a different aspect of the invention there is provided a method of bioieaching a slurry containing 
suipnide minerals which includes the steps of bioieaching the siurry using a suitable microorganism at a 
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temperature in excess of 40°C and controlling the dissolved oxygen concentration in the slurry within 
predetermined range. 

The said dissolved oxygen concentration may be controlled by controlling the supply of oxygen to the slurry. 

5 

The oxygen may be supplied to the slurry in the form of oxygen enrichea gas or substantially pure oxygen. 
The said operating temperature is preferably in the range of 60 C C to 85°C. 

10 The invention aiso extends to a method of enhancing the oxygen mass transfer coefficient from a gas phase 
to a liquid phase in a sulphide m.neral slurry which includes the step of supplying a feed gas contain.ng in 
excess of 21% oxygen by volume to the slurry. 



The feed gas preferably contains in excess of 85% oxygen by volume. 

The invention further extends to a method of bioleaching an aqueous slurry contain.ng sulphide minerals 
wh,ch .ncludes the steps of bioleaching the slurry at a temperature above 40°C and maintaining the dissolved 
oxygen concentration in the slurry in the range of from 0.2 x 10"' kg/m 3 to 10 x 10" 3 kc/m 3 . 

The dissolved oxygen concentration may be maintained by supplying gas containing ,n excess of 21% 
oxygen by volume to the slurry. The temperature is preferably in the range of from 60°C to 85°C. 

The invention is also intended to cover a bioleaching plant which includes a reactor vessel, a source which 
feeds a sulphide mineral slurry to the vessel, an oxygen source, a device which measures the dissolved 
oxygen concentration in the slurry in the vessel, and a control mechanism whereby, in response to the said 
measure of dissolved oxygen concentration, the supply of oxygen from the oxygen source to the slurry is 
controlled to ach.eve a dissolved oxygen concentration in the slurry within a predetermined range. 
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Various techniques may be used for controlling the supply of oxygen to the slurry and hence fc ccmroiima 
the dissolved oxygen content or concentration in the slurry at a desired value. Use may for examc-e be maae 
of valves which are operated manually. For more accurate control use may be made of an automatic control 
system. These techniques are known in the art and are not further described herein. 

As has been indicated oxygen and carbon dioxide may be added to the slurry in acccrcance with 
predetermined criteria. Although the addition of these materials may be based on expecteo demand and 
measurement of other performance parameters, such as iron(ll) concentration, it is preferred to rnaKe use of 
suitable measurement probes to sample the actual values of the critical parameters. 

For example use may be made of a dissolved oxygen probe to measure the dissolved oxygen concentration 
in the slurry directly. To achieve this the probe is immersed in the slurry. The dissolved oxyaen 
concentration may be measured indirectly by using a probe in the reactor off-gas or by transmitting a sample 
of the off-gas. at regular intervals, to an oxygen gas anaiyser. Again it is pointed out tha: measuring 
techniques of this type are known in the art and accordingly any appropriate technique can be used. 

A preferred approach to the control aspect is to utilise one or more probes to measure the dissolved oxygen 
concentration in the slurry, whether directly or indirectly. The probes produce one or more control sianais 
which are used to control the operation of a suitable vaive or vaives, eg. solenoid vaives. automatically so 
that the supply of oxygen to an air stream which is being fed to the slurry is varied automatically in 
accordance with real time measurements of the dissolved oxygen concentration in the slurry 

Although it is preferred to control the addition of oxygen to a gas stream which is fed to the siurry a reverse 
approach may be adopted in that the oxygen supply rate to the reactor vessel may be maintained 
substantially constant and the rate of supply of the sulphide mineral slurry to the reactor vessel may be varied 
to achieve a desired dissolved oxygen concentration. 

The invention is not limited to the actual control technique employed and is intended to extend to variations of 
the aforegoing approaches and to any equivalent process. 



5 
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BRIEF DESCRIPTION OF THE DRAWINGS 



The invention is further described by way of example with reference to the accomoanyinc drawings in which. 
Figure 1 is a scnemaiic representation of a portion of a plan: in which the invention is carried out and 
Figures 2, 3 ana 4 reflect various results and parameters obtained from operating a bioreactor using the 
principles of the invention. 



DESCRIPTION OF PREFERRED EMBODIMENT 



0 Genera! Principles 



The limitation of low oxygen solubility during bioleaching. using air. at high temperatures, wn.cn in turn limits 
the rate of reaction, requires enrichment of the air with oxygen ie. air with an oxygen content greater than 
21% by volume, or the use of pure oxygen (defined as being greater than 55% oxygen by volume). The use 
of oxygen enriched air or pure oxygen overcomes the limited rate of reaction due to oxygen supply 
constraints, but has two major disadvantages: 

a) the provision of oxygen enriched air or pure oxygen is expensive anc requires a nigh utilisation (>60%) of 
the oxygen to warrant the additional expense Pl ; and 

b) if the oxygen level in solution becomes too high microorganism growth is prevented anc suipnide mineral 
bioleaching stops <4) . 

Therefore, in order to realise the benefits of high rates of suiphiae mineral leaching at hign temperatures in 
commercial bioleaching plants, the drawbacks of requiring expensive oxygen and the risk of failure if the 
dissolved oxygen levels become too high must be overcome. 



The bioleaching of sulphide minerals at an elevated temperature results in a high rate of sulphide mineral 
oxidation, but is dependent on the supply of oxygen and caroon dioxide tc maintain high rates of sulphide 
mineral oxidation and of microorganism growth at adequate rates. The aosorption of oxygen and carbon 
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dioxide in the bioleaching reactor is limited, in each case, by the rate of mass transfer from the gas phase into 
the solution phase. For oxygen the rate of oxygen absorption is defined by equation (1) as follows: 

R = M.(C*-CJ (1) 
where: R = Oxygen demand as mass (kg) per unit volume (m 3 ) per unit time(s) (kg/m 3 /s), 

M = Oxygen mass transfer coefficient in reciDrccal seconds (s" 1 ), 

C* = Saturated dissolved oxygen concentration as mass (kg) per unit volume (m 3 ) (kg/m 3 ), 
and 

C L = Dissolved oxygen concentration in solution as mass (kg) per unit volume (m 3 ) 
(kg/m 3 ). 

The factor (C* - CJ is referred tc as tne oxygen driving force. A simiiar equation may be used to describe the 
rate of carbon dioxide supply to the solution. If the sulphide mineral oxidation rate is increased the oxygen 
demand increases proportionately. To meet a higher oxygen demand either the oxygen mass transfer 
coefficient (M) or the oxygen driving force (C*-C L ) must be increased. 

An increase in the oxygen mass transfer coefficient may be acnieved by increasing the power input to the 
bioieach reactor mixer. This improves gas dispersion in the sulphide mineral slurry. With this approach, 
however, an increase in the oxygen mass transfer coefficient of. for example. 40% requires an increase in the 
power input to the mixer by a factor of as much as 200%. with a commensurate increase in operating costs. 

The oxygen driving force may be increased by increasing the saturated dissolved oxygen concentration C m 
and reducing the dissolved oxygen content or concentration C L . 

Microorganism population growth is limited or prevented if the dissolved oxygen concentration C* reaches too 
high a level. A concentration level above 4 x 10" 3 kg/m 3 has been found to be detrimental to Sulfoiobus-Hke 
strains. Certain Acidithiobacillus strains, however, have been found to be toierant to dissolved oxygen 
concentrations of up to 10 x 10* 3 kg/m 3 . 
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The applicant has established that a lower limit for the dissolved oxygen concentration to sustain 
microorganism growth and mineral oxidation is in the range of from C.2 x 1CP kg/m 3 to 4.0 x 10" 3 ka/rr. 3 . 
Thus, in order to provide an adequate, or optimum, supply of oxygen, the dissolved oxygen concentration in 
the sulphide mineral slurry must be monitored and. where appropriate, the addition of oxygen to the sulphide 
mineral slurry must be controlled in order to maintain the minimum dissolved oxygen concentration in soluiion 
at a value of from 0.2 x 10~ 3 kg/m 3 to 4.0 x 10~ 3 kg/m 3 . 

On the other hand the dissolved oxygen concentration must not exceec an. upper threshold value at which 
microorganism growth is prevented. It is pointed out that the upper threshold concentration depends on the 
genus and strain of microorganism used in the bioieaching process. A typical upper threshold value is in the 
range of from 4 x 10~ 3 kg/m 3 to 10 x 10" 3 kg/m 3 

As has been previously indicated the rate of sulphide mineral oxidation, which can be achieved when 
operating at a relatively low temperature of the order of from 40°C to 55 3 C. is limited. In order to increase the 
rate of oxidation it is desirable to make use of thermophiies and to operate at temperatures in excess of 60°C. 
Any suitable microorganism capable of operating within this temperature range may be used. The optimum 
operating temperature is dependent on the genus and type of microorganism used. Thus moderate 
thermopniies of the type Sulfobaciilus are suitable for operating a: a temperature of up to 65°C. Thermophiies 
of the type Sulfoiobus are suitable for operating at temperatures of from 60°C to at least 85 C C. Suifofobus 
metailicus, for example, shows optimal growth in the temperature range of from 65°C to 70°C. 

The applicant has established that the operation of the bioieaching process, using a gas enriched with 
oxygen, or pure oxygen, as the oxidant, at elevated temperatures of from 40°C to 85°C: 

increases the. specific sulphide oxidation duty of the reactor considerably; 

results in an unexpected and significantly enhanced oxygen mass transfer rate: 

increases the oxygen utilisation, providing that the dissolved oxygen concentration is controlled above the 
point .where microorganism growth and mineral oxidation are prevented and beiow the point at which 
microorganism growth is inhibited; and 

the overall cower required for the oxidation of sulphide minerals is significantly reduced. 
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The method of the invention represents a significant improvement compared to a bioieach operation carried 
out at a temperature of from 40°C to 45°C with air. 

5 The controlled addition of oxygen enriched air or pure oxygen directly into the bioreactor improves the oxyaen 
utilisation efficiency. The oxygen utilisation for a conventional commercial bioieach plant (at leas: lOOrn 3 in 
voiume) operating at from 40°C to 45 C C with air may be expected to achieve a maximum oxygen utilisation 
factor of from 40% to 50%. Consequently only 40% to 50% of the total mass of oxygen supplied to the 
bioieach plant is used to oxidise the sulphide minerals. With the method of the invention the oxygen utilisation 

0 is significantly higher, of the order of from 60% to 95%. The higher oxygen utilisation is achieved by 
controlled oxygen addition and results from the enhancec oxygen mass transfer rate ana by operating at low 
dissolved oxygen concentrations in the solution phase. 

It will be appreciated that although high oxygen demand in bioieach reactors has come about primarily by the 

1 use of higher temperatures, rapidly leaching sulphide minerals at temperatures below 60°C, using mesophile 
or moderate thermophile microorganisms, will have similarly high oxygen demands. The method of the 
invention is therefore not restricted to suit thermophiles or extreme thermophiles. but aiso mesophile and 
moderate thermophile microorganisms. 

Another advantage of using air enriched with oxygen or pure oxygen is that the evaporation losses are 
reduced, because there is less inert gas removing water vapour from the top of the reactor. This is 
particularly important in areas where water is scarce or expensive. 

In carrying out the method of the invention the temperature of the slurry in the bioieach vessel or reactor may 
be controlleo in any suitable way known in the art. In one example the bioieach reactor is insulated and 
heating takes place by means of energy which is released by the oxidation of sulphides. The temperature of 
the slurry is regulated using any suitable cooling system, for example an internal cooling system. 
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Table 1 shows typical data for specific sulphide oxidation duty and oxygen utilisation, when bioieachmg with 
air at 40°C to 45°C, in two commercial bioreactors, Plant A and Plant B respectively, (greater than 100m J in 
volume). 

Table 1 Commercial Bioreactor Performance Results 



Description 


j Units 

I 


. : Piant A 

i 


Plant B 

| i 


Reactor temperature 




142 

! 


, 40 j 
• j 


| Reactor operating volume 


I 


j 471 


• 895 i 

» 

■ i 


Oxygen utilisation 


i % 

1 


37.9 


43.5 i 

i 


I Typical dissolved oxygen concentration 

i 


ma/I 


j 


: 2.7 

i 


Oxygen mass transfer coefficient 


s" 


0.047 

* 


; C.031 j 

! ! 


Specmo oxygen aemand j ka/m7aav 


21.6 


. 14.8 j 

! S 


, Specific suiphide oxidation duty 


kg/mVday 


8.9 


| 5.7 | 


Specific power consumption per kg suiphide 
oxidised 


kWh/kgS** 


1.7 


I ! 



At low temperatures (40°C - 50°C), with air as the inlet gas. which apoiies to the results for the commercial 
reactors. Plant A and Plant B, presented in Table 1, the oxygen utilisations achievea are exoected and the 
oxygen mass transfer coefficients (M) correspond to the applicants design vaiue. Tne applicant has 
determined that if the method of the invention were to be applied to Plant A. the plant Derormance would be 
significantly Increased, as indicated by the results presented in Table 2. 
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Table 2 Predicted Improvement In Commercial Bioreacror Performance 





Units 


; Plant A - typical 
! ODeration 


i r'lcini - using tne 
! method of the Invention 


Reactor temperature 


j °C 
1 


42 


I 77 
I / / 

j 


: Microbial type strain 


; Acia'ithiobacilius 
i 

! 


OUJ/ L/f wU Lf i 


) Inter oas oxvaen content 

f 


% by voiume 


20.9 


90.0 


Oxygen utilisation 


% 


37.9 


93.0 


j i yptcai aissoivea oxygen concentration 


mg/l j 


2.5 


2.5 


! Soecific oxvaen aemand 

i 


kg/m7day 


21.6 


59.5 


.' Specific suipnide oxidation duty 

i 


ka/rrr/day ; 

i 


S.9 


24.5 


1 Specific power consumption per kg 
: sulphide oxiaised 


kWh/kgS'" j 


1.7 


1.2 

I 



The results clearly show the benefit of the invention in achieving higher rates of reaction by the combination 
of bioleaching at high temperature, adding oxygen enriched gas and by controlling the dissolved oxygen 
concentration to a predetermined low level (e.g. 0.2 x 1fJ 3 kg/m 3 to 4.0 x 10" 3 kg/m 3 ). The specific sulphide 
oxidation duty of the reactor is increased by almost threefold. Clearly the upper dissolved oxygen 
concentration should not be increased above 3 value at which microorganism growth is inhibited c: stopped. 

Even tnough additional capital for the production of oxygen is required, the savings in reactor and other costs 
at least offset this additional expense. Additionally, the specific power consumption per kg sulphioe oxidised 
is decreased by approximately one-third. In a plant oxidising 300 tonnes of sulphide per day. the power 
saving, assuming a power cost of USS0.05 per kWh, would amount to USS2.8 million per annum. The high 
oxygen utilisation and increased specific sulphide oxidaiion capacity of the reactor represent in combination a 
considerable improvement over conventional bioleaching practice conducted at lower temperatures, with 
oxygen supplied by air. 

Panicuiar Example 



Figure 1 of the accompanying drawings illustrates a non-iimiting example of the invention anc snows a 
bioleaching piant 1C in which bioleaching is carried out. in accordance with the principles of the invention. 
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The plant 10 includes a bioreactor 12 with an agitator or mixer-14 whicr. is driven by means c: a motor and 
gearbox assemoiy 16. 



In use a tank or vessel 18 of the reactor contains a sulphide mineral slurry 20. An impeller 22 of the agitator 
is immersed in the slurry and is used for mixing the slurry in a manner which is known in the art. 

A probe 24 is immersed in the slurry and is used for measuring the dissolved oxygen concentration in the 
slurry. A second probe 26, inside the tank 18 above the surface level 28 of the slurry, is used for measuring 
the carbon dioxide content in the gas 30 above the slurry 20. 

An oxygen source 32. a carbon dioxide source 34 and an air source 36 are connected througn respective 
control valves 38. 40 and 42 to a sparging system 44. positioned in a lower zone inside the tank 18, 
immersed in the slurry 20. 

The probe 24 is used to monitor the dissolved oxygen concentration in the sulphide mineral slurry 20 and 
provides a control signal to a control device 46. The control device controls the operation of the oxygen 
supply valve 3S in a manner which is known in the art but in accordance with the principles which are 
described herern in order to maintain a desired dissolved oxygen concentration in the slurry 20. 

The probe 26 measures the carbon dioxide content in the gas above the suiphide mineral slurry 20. The 
probe 26 provides a control signal to a control device 48 which, in turn, controls the operation of the valve 40 
in order-to control the addition of carbon dioxide from the source 34 to a gas stream flowing to the sparger 44. 

The air flow rate from the source 36 to the sparger 44 is controlled by means of the valve 42. Normally the 
valve is set to croviae a more or less constant flow of air from the source 35 to the sparger and the additions 
of oxygen and caroon dioxide to the air stream are controlled by the valves 38 and 40 respectively. Althouah 
this is a preferred approach to adjusting the oxygen and carbon dioxide contents in the air flow to the sparger 
other techniques can be adopted. For example it is possible, although with a lower degree of preference, to 
adjust the air stream flow rate and to mix the adiustaole air stream with a steady supply of oxyaen ana a 
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variable supply of carbon dioxide, or vice versa. Another possibility is to have two separate air stream flows 
to which are added oxygen and carbon dioxide respectively. Irrespective of the technique which Is adopted 
the objective remains the same, namely to control the additions of oxygen and carbon dioxide to the slurry 



Slurry 50 is fed from a slurry feed source 52 through a control valve 54 and through an inlet pipe 55 into the 
interior of the tank 18. The slurry feed rate may be maintained substantially constant, by appropriate 
adjustment of the valve 54, to ensure that slurry is supplied to the tank 15 at a rate which sustains an 
optimum leaching rate. The supplies cf air. oxygen and carbon dioxide are then regulated, taking into 
account the substantially constant slurry feed rate, to achieve a desired dissolved oxygen concentration in the 
slurry 20 in the tank, and a desired carbon dioxide content in the gas 30 acove the slurry. Although this is a 
preferred approach it is apparent that the slurry feed rate could be adjusted, in response to a signal from the 
probe 24. to achieve a desired dissolved oxygen concentration in the slurry. In other words the rate of 
oxygen addition to the slurry may be kept substantially constant and the slurry feed rate may be varied 
according to requirement. 

Another variation which can De adopted is to move the probe 24 from a position at which it is immersed in the 
siurry to a position designated 24A at which it is located in the gas 30 aDOve the level 28. The probe then 
measures the oxygen contained in the gas above the siurry ie. the bioreactor off-gas. The oxygen content in 
the off-gas can also be used as a measure to control the dissolved oxygen concentration in the slurry, taking 
any other relevant factors into account. 

Conversely i: may be possible to move the carbon dioxide probe 25 (provided it is capable of measuring the 
dissolved carbon dioxide content) from a position at which it is directly exposed to the gas 30 to a position 
designated 25A at which it is immersed in the slurry in the tank. The signal produced by the probe at the 
position 25A is then used, via the control device 48. to control the addition of carbon dioxide from the source 
34 to the air stream from the source 35. 



20. 
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Although the carbon dioxide source 34. which provides carbon dioxiae in gas form, is readily controllable and 
represents a preferred way of introducing caroon into the slurry 20. it is possible to add suitable carbonate 
materiais to the slurry 50 before feeding the slurry to the reactor. Carbonate material may also be added 
directly to the sulphide mineral slurry 20 in the reactor. In other cases though there may be sufficient 
carbonate in the sulphide mineral slurry so that it is not necessary to add caroon. in whatever form, to the 
slurry nor to control the carbon content in the siurry. 



It is apparent from the aforegoing description which relates to the general principles of the invention that the 
supply of oxygen to the slurry is monitored and controlled to provide a desired dissolved oxygen 
0 concentration level in the slurry 20. This can be done in a variety of ways eg. by controlling one or more of 
the following in an appropriate manner namely: the slurry feed rate, the air flow rate from the source 25, the 
oxygen flow rate from the source 32, and any variation of the aforegoing. 

The carbon dioxide flow rate is changed in accordance with the total gas flow rate to the sparger 44 in order 
5 to maintain a concentration in the gas phase, i.e. in the gas stream to the reactor, of from 0.5% to 5% carbon 
dioxide by volume. This carbon dioxide range has been found to maintain an aoequate dissolved caroon 
dioxide concentration in the slurry, a factor which is important in achieving effective leacning. 

The addition of oxygen to the suiphrde mineral slurry 20 is controlled in oraer to maintain the minimum 
dissolved oxygen concentration in solution at a value of from 0.2 x 10" 3 kg/m 3 to 4.0 x 10 -3 kg/m 3 . The upper 
threshold vaiue depends on the genus and strain of microorganism used in the bioleaching process and 
typically is in the range of from 4x10"* kg/m 3 to 10 x 10" 3 kg/m 3 . 

Figure 1 illustrates the addition of oxygen from a source 32 of pure oxygen. The pure oxygen can be mixed 
with air from tie source 36. Any other suitable gas can be used in piace of the air. The addition of oxyoen to 
air results to v/nat is referred to in this specification as oxygen enriched gas ie. a gas with an oxygen content 
in excess of 21% by volume. It is possible though to add oxygen substantially in pure form directly to the 
slurry. As usee herein pure oxygen is intended to mean a gas stream which contains more than £5% oxygen 
by volume. 



1 ' 
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The temperature in the bioleach reactor or vessel may be controlled in any appropriate way us-ng techniques 
which are known in the art. In one example the tank 18 is insulated and heating takes place by means of 
energy which is released by the oxidation of sulphides. The temperature of the slurry 20 is regulated using 
an internal cooiing system 70 which includes a plurality of heat exchanger cooling coils 72 connected to an 
5 external heat excnanger 74. 

The vessel 18 may be substantially sealed by means of a lid 80. Small vents 82 are provided to allow for the 
escape of off-gas. The off-gas may, if reauired, be caotured or treated in any appropriate way before being 
released to atmoshpere. Alternatively, according to requirement, the tank 18 may be open to atmoshpere. 

10 

The microorganisms chosen for the leaching process will determine the leaching temperature, and vice 
versa. The applicant has found that a preferred operating temperature is above 60°C, for example in the 

range of 60°C to 85°C. in this range thermophilic microorganisms, in any appropriate comoination, are 

v 

employed. In the range of from 45°C to 60°C, on the other hand : moderate thermophiles are employed while 
15 at temperatures below 45°C mesophiles are used. These microorganisms may, for example, be chosen from 
those referred to hereinbefore. 

Although the benefit of adding oxygen to the slurry whicn is tc be leached, by making use of oxygen enriched 
air or, more preferably, by making use of substantially pure oxygen ie. with an oxygen content in excess of 
20 85%. is most pronounced at high temperatures at which greater leaching rates are possible, a benefit is 
nonetheless to be seen when oxygen enriched air or substantially pure oxygen is added to the slurry at lower 
temperatures, of the order of 40°C or even lower. At these temperatures the leaching rates are siower than 
at elevated temperatures and although an improvement results from using oxygen enriched air the cost 
thereof is generally not warranted by the relatively small increase in leaching rate. 

Test Results 

The importance of maintaining an adequate suppiy of oxygen and hence a sufficiently high dissolved oxygen 
concentration to sustain microorganism growth and mineral oxidation is shown in the results presented in 
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Figure 2. If the dissolved oxygen concentration is allowed to drop below 1.5 ppm. and particularly below 1.0 
ppm. biooxidation becomes unstable, which is indicated by higher iron(ll) concentrat.ons in solution, of 
greater than 2 g/l. At consistent levels of biooxidation. achieved by maintaining a dissolved oxygen 
concentration above 1.5 ppm, in this experiment, iron(ll) is rapidly oxidised to iron(lll). and iron(ll) 
5 concentrations remain generally below 1.0 g/l. 

The results presented in Figure 2 were obtained from operation of a first or primary reactor of a continuous 
Pilot plant treating a chalcopyrite concentrate at a feed solids concentration of 10% by mass and a 
temperature of 77°C. with Sulfolobus-like archaea. 

) 

The effect of increasing the oxygen content of the feed gas to a bioreactor and controlling tne disso.ved 
oxygen concentration, in accordance with the principles of the invent.on. was tested in an experiment using a 
5m 3 bioreactor which was operated with a continuous pyrite or blended pyrrhotite and pyrite flotation 
concentrate feed, at a temperature of about 77»C. using a mixed culture of Sulfolobus-Uke archaea and a 
solids density of 10% by mass. The carbon dioxide content in the bioleach inlet gas was controlled at a level 
of between 1 and 1.5 % by volume. The dissolved oxygen concentration was generally within the range 0.4 x 
10- 3 kg/m 3 to 2.0 x 10" 3 kg/m 3 . The results of the expenment are presented in Figure 3. 

From the grapns presented in Figure 3 it ,s clear that, when sparging with air (enriched with caroon dioxiae: 
20.7% oxygen and 1.0% carbon dioxide), the maximum oxygen demand (directly proportional to the sulphide 
oxidation duty.) was limited to 11.3 kg/m 3 /day, since the dissolved oxygen concentration which was 
achievable using air only (i.e. not enriched with oxygen) was just sufficient to maintain microorganism growth. 

By controlling the oxygen content of the inlet gas. the oxygen addition rate, and the dissolved oxygen 
concentration In the slurry in the range of 0.4 x 10' 3 kg/m 3 to 2.0 x 10" 3 kg/m 3 . the oxygen demand, i.e. the 
suiphide mineral oxidation rate, was increased dramatically. The dissolved oxygen concentration was 
controlled to a iow value, but above the minimum limit for successful microorganism growth', so that the 
utilisation of oxygen was maximised. The results show the oxygen aemand. or sulphide oxidation duty, was 
increased by over threefold. Thus by increasing the oxygen content in the inlet gas from 20.7% tc a maximum 
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of 90.8% the specific oxygen demand was increased from 11.3 kg/m 3 /day to 23.7 kg/m 3 /day. In addition, by 
controlling the dissolved oxygen concentration to a low value, but above the minimum value for sustained 
microorganism growth, the oxygen utilisation was maximised. The oxygen utilisation showec a general 
increase with an increase in the oxygen content of the inlet gas from 29% (for an inlet gas oxygen content of 
20.7%) to 91% (for inlet gas containing 85.5% oxygen). 

The high oxygen utilisations achieved of well over 60% are much better than expected. Analysis of the results 
indicates that the oxygen mass transfer coefficient (M), as defined by equation (1), is significantly and 
unexpectedly enhanced for operation of the bioreactor at a high temperature (77°C ) and with a high oxygen 
conten: in the inlet gas (from 29% to 91% in the experiment), in fact, the oxygen mass transfer coefficient (M) 
is increased by a factor of 2.69. on average, compared to the applicant's design value. This enhancement is 
after considering the improvement in the mass transfer coefficient due to temperature, which would be 
expected to increase the value of M by a factor of 1.59 for a temperature increase from 42°C to 77°C, 
according to the temperature correction factor proposed by Smith et al (5) . This correction factor has been 
demonstrated experimentally to be valid for a temperature in the range of from 15°C to 70°C (6) . 

The determination of the enhanced oxygen mass transfer coefficient is shown from the results presented in 
Figure A, wnere the oxygen demand divided by the design oxygen mass transfer coefficient (M aesign ) is plotted 
against the oxygen driving force, as dafined in equation (1). The slope of the regression line plotted through 
the data indicates the enhancement in the oxygen mass transfer coefficient by a factor of 2.69. 
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CLAIMS 

1. A method of bioieaching a slurry containing sulphide minerals which includes the step of supplying a 
feed gas containing in excess of 21% oxygen by volume, to the siurry. 

2. A method according to claim 1 wherein the feed gas contains in excess of 85% oxygen by volume. 

3. A method according to claim 1 or 2 which includes the step of maintaining the dissolved oxyaen 
concentration in the slurry within a desired range. 

4. A method according to claim 3 wherein the said dissolved oxygen concentration is maintained in the 
range of from 0.2 x 1CP kg/m 3 to 10 x 10~ 3 kg/m 3 . 

5. A method according to claim 3 or 4 wherein the dissolved oxygen concentration is maintained within 
a desired range by at least one of the following: controlling the oxygen content of the feed gas, 
controlling the supply of feed gas to the slurry, and controlling the rate of feed of siurry to a reactor. 

6. A method according to claim 3. 4 or 5 wherein the dissolved oxygen concentration in the siurry is 
determined by one or more of the following: by direct measurement of the dissolved oxygen 
concentration in the slurry, by measurement of the oxygen in a gas aDove the siurry, and indirectly, 
by measurement of the oxygen content in off-gas from the slurry. 

7. A method according to any one of claims 1 to 6 which includes the step of controlling the carbon 
content of the slurry. 

8. A method according to claim 7 wherein the said carbon content is controlled by one or more of the 
following: the addition of carbon dioxide gas to the slurry, and the addition of other caroonaceous 
materia! :z the slurry. 
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A method according to any one of claims 1 to 8 which includes the step of controlling the carbon 
dioxide content of the feea gas in the range of from 0.5% to 5.0% by volume. 

A method according to any one of claims 1 to 9 whicn includes the step of bioleacning the slurry at a 
temperature in excess of 40 °C. 

A methoc according to claim 10 wherein the said temperature is in the range of from 40°C to 100°C. 

A method according to claim 1 1 wherein the said temperature is in the range of from 6C°C to S5°C. 

A methoc according to any one of ctaims 1 to 9 which incluaes the step of bioieaching the slurry at a 
temperature of up to 45°C using mesophile microorganisms. 

A methoc according to claim 13 wherein the microorganisms are selected from the following genus 
groups: Acidithiobacillus; Thiobacilius; Leptosprillum: Ferromicrobium; and Acidiphiiium. 

A method according to claim 13 or 14 wherein the said microorganisms are selected from the 
following species: Acidithiobacillus caidus (Thiobacilius caidus): Acidithiobacillus thiooxidans 
(Thiobacilius thiooxidans): Acidithiobacillus ferrooxidans (Thiobacilius ferrooxidans); 

Acidithiobacillus acidophilus (Thiobacilius acidophilus); Thiobacilius prosperus; Leotospirillum 
ferrooxidans; Ferromicrobium acidophilus: and Acidiphiiium cryptum. 

A method according to any one of claims 1 to 9 which includes the step of bioleaching the slurry at a 
temperature of from 45°C to 60°C using moderate thermopniie microorganisms. 

A method according to claim 16 wherein the microorganisms are selected from the following genus 
groups. Acidithiobacillus ("formerly Thiobacilius): Acidimicrobium; Sulfobacilius: Ferropiasma 
(Fernpiasma): and Alicydobaciilus. 
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A method according to claim 16 or 17 wherein the said microorganisms are selected from the 
following species: Acidithiobacillus caidus ("formerly Thiobacillus caldus); Acidimicrobium 
ferrooxidans: Sulfobacillus acidophilus; Suffobaciflus disulfidooxidans: SulfobaciUus 
thermosuifidooxidans; Ferropiasma acidarmanus; Thermoplasma acidophiium; and Alicyciobaciilus 
acidocaidrius. 

A method according to any one of claims 1 to 9 which includes the step of bioleaching the slurry at a 
temperature of from 60°C to £5°C using thermophilic microorganisms. 

A method according to claim 19 wherein the microorganisms are selected from the following genus 
groups: Acidothermus; Su/folobus; Metallosphaera; Acidianus: Ferropiasma (Fernplasma); 
Thermoplasma; and Picrophiius. 

A method according to claim 19 or 20 wherein the said microorganisms are selected from the 
following species: Sulfoiobus metaliicus; Suifolobus acidocaidahus; Sulfolobus 
thermosuifidooxidans; Acidianus infernus; Metallosphaera sedula; Ferropiasma acidarmanus; 
Thermoplasma acidophiium; Thermoplasma volcanium; and Picrophiius oshimae. 

A method according to any or.e of ciaims 1 to 21 wherein the slurry is leached in a vessel which is 
substantially closed. 

•A method of bioleaching a slurry containing sulphide minerals which includes the steps of: 

(a) bioleaching the slurry using suitable microorganisms at a temperature in excess of 40°C, and 

(b) controlling the dissolved oxygen concentration in the slurry within a predetermined range. 

A method according to claim 23 wherein the said dissoived oxygen concentration is controlled by. 
controlling the supply of oxygen to the slurry. 
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A method according to claim 24 wherein the oxygen is supplieo to tne slurry in the form of oxygen 
enrichec gas or substantially pure oxygen. 

A method according to any one of ciaims 23 to 25 wherein the said temperature is ;n the range of 
from 60°C to B5°C. 

A rnethoa of enhancing the oxygen mass transfer coefficient from a gas phase to a liquid phase in a 
sulphide mineral slurry which includes the step of supplying a feed gas containing in excess of 21% 
oxygen by volume, to the slurry. 

A rnethoa accoraing to ciaim 27 wherein the feed gas contains in excess of 85% oxygen Dy volume. 
A method according to claim 27 or 28 which includes the step of raising the temperature of the slurry. 

A method of bioleaching an aqueous slurry containing sulphide minerals which includes the steps of: 

(a) bioleaching the slurry at a temperature above 40°C, and 

(b) maintaining the dissolved oxygen concentration in the slurry in the range of from 0.2 x 10~ 3 
kg/m 3 to 10 x 1C" 3 kg/m 3 . 

A method according to claim 30 wherein the dissolved oxygen concentration in the slurry is 
maintained by supplying gas containing in excess of 21% oxygen by voiume to the slurry. 

A method according to claim 30 or 31 wherein the temperature is in the range of from 60°C to 85°C. 

A bioieaching piant which includes a reactor vessel, a source which feeds a sulphide mineral slurry to 
the vessel, an oxygen source, a device which measures the dissolved oxygen concentration in the 
slurry in the vessel, and a control mechanism whereby, in response to the said measured dissolved 
oxygen concentration, the supply of oxygen from the oxygen source to the slurry is controlled to 
achieve a dissolved oxygen concentration in the slurry within a predetermined range. 
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A plant according to claim 33 wherein the oxygen source supplies oxygen in a form of oxygen 
enriched air or substantially pure oxygen to the slurry. 

5 35. A piant according to claim 33 or 34 wherein the reactor vessel is operated at a temperature in excess 
of 60°C. 



34. 
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